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FTIR microspectroscopy map of epoxy film cured on a
temperature gradient. Red represents the highest and blue the
lowest curing.
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Introduction

Thermoset resins are an important class of engineering
polymers that account for nearly 20% of the polymers mar-
ket, which encompasses composites, adhesives and coat-
ings.'"! Currently quality control of cured thermoset resins
is accomplished through off-line, destructive mechanical
testing of finished parts or online monitoring of curing by
less intrusive techniques such as near-infrared'® or
fluorescence spectroscopy.'’! Variations in starting materi-
als (e.g. resin type and lot), curing conditions (e.g. time
and temperature) and storage conditions result in large
variability in the degree of curing and a substantial scrap
rate for high volume manufacturing processes involving
fast curing cycles."!

An essential component of intelligent manufacturing is a
test method that can quickly assess the extent of resin curing
(ultimately on-line) and adjust the processing conditions to

# Official contribution of the National Institute of Standards and
Technology; not subject to copyright in the United States.

obtain a cured resin of reproducible quality. The span of
process parameter space (time, temperature, composition)
and the complex interaction between these variables pose a
challenge for investigation by conventional experimental
techniques, which often rely on manipulating a single para-
meter over several experiments. Combinatorial and high
throughput (CHT) methods provide the rapid, systematic
generation of experimental data over multi-parameter
spaces. Accordingly, CHT methods represent an efficient
route for screening resin batches to determine the optimum
parameters required for a target curing protocol. The CHT
techniques for sample characterization need to be non-
destructive and time efficient. Consequently, combinatorial
approaches to materials science require the development of
flexible techniques that work in unison to produce a com-
plete picture of mechanical,'! kinetic™>®! or adhesive!’ !
processes.

In this study, three complementary high-throughput
techniques: Fourier transform-infrared microspectroscopy
in reflectance mode (FTIR-RM), confocal microscopy and
Johnson, Kendall, and Roberts (JKR) adhesion tests were
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used to measure the effect of temperature on the curing
process of discrete epoxy films and to map the properties of
afilm cured on a temperature gradient stage for a short time.
FTIR-RM was used to monitor the epoxide ring absorption
(916 cm™ ') within several um of the epoxy surface.
Confocal microscopy was used to measure the emission
fluorescence intensity maximum from 505 nm to 550 nm of
a fluorophore embedded within the epoxy film. Finally,
adhesion measurements were employed to measure the
work of debonding (WOD) at the epoxy-air interface during
curing.

FTIR spectroscopy has previously been used to follow
the epoxide ring disappearance (curing kinetics) of indivi-
dual epoxy films at various temperatures.”” """ Transmis-
sion FTIR microspectroscopy has been applied previously
to cross-sections of bilayers of epoxy blends.!"* FTIR-RM
mapping is a non-contact, non-destructive method for
characterizing surface chemical composition both qualita-
tively and quantitatively. It has been used previously to
determine the distribution of different chemical compo-
nents in human gallstones,!'*! the mineral and collagen in
dentin,''* and the mineral and resins in dental compo-
sites'"*! but was used for the first time in this study to map
the curing of epoxy films.

Confocal microscopy was used to monitor epoxy curing
because of its depth selectivity and non-destructive nature.
During curing there is a significant change in the epoxy
microviscosity which can be gauged by doping the resin
with an appropriate fluorophore molecule. The restricted
fluorophore mobility increases the emission intensity
because the fluorophore can dissipate the excitation through
non-radiative processes less effectively. While fluorescence
has been used to study the curing characteristics of bulk
epoxy resin and silanized glass/epoxy interfaces,!>'®~ %!
confocal microscopy has not been used to map a tem-
perature gradient cured epoxy library at or near the surface
of the film.

The JKR test'?®! geometry was used to monitor adhesive
properties at the epoxy surface during curing. This axi-
symmetric test employs a single elastomeric lens that is
compressed against (loading) and then removed from
(unloading) a flat substrate while measuring load and con-
tact area. The mechanical and chemical changes that occur
during epoxy curing strongly affect interfacial adhesive
properties. The work of debonding (WOD) discussed here
concerns the total energy required to remove the lens from
the epoxy film at room temperature.

Experimental Part

A stock solution of 0.52 mg of fluorescent dye (4-dimethyla-
mino-4’-nitrostilbene) in 4.01 g of curing agent (2,4,6-
tri(dimethyl amino methyl)phenol) was prepared and stirred
for two days. A batch of stock solution was prepared to
facilitate the creation of both discrete and gradient films to

ensure the dye concentration was constant within each film.
Immediately before creating the epoxy films, the stock solution
was diluted with diglycidyl ether bisphenol A epoxy resin
(DGEBA) and an additional amount of curing agent to obtain
10 wt.-% of curing agent. Epoxy films were prepared by flow
coating the epoxy mixture onto clean glass substrates.”!! In
flow coating, a cylindrical bar is dragged across a bead of
uncured resin to create a film of uniform thickness. The discrete
films were heated for 1 h at distinct temperatures (25 to 90 °C)
in a convection oven (41 °C) and were tested with all three
techniques at random x, y locations. Additionally, an epoxy
film (=400 pm thick) was placed on a temperature gradient
stage!”! to cure for 15 min. The temperature stage exposes the
epoxy film to a linear temperature gradient from 55 to 102 °C
(£1°C). The gradient film was mapped first by FTIR-RM,
followed by the fluorescence and adhesion techniques at the
same positions.

FTIR Microspectroscopy (FTIR-RM)

The FTIR-RM analyses were performed using a Nicolet
Magna-IR 550 FTIR spectrophotometer interfaced with a
Nic-Plan IR microscope operated in reflectance mode. The
microscope is equipped with a video camera, a liquid nitrogen-
cooled mercury cadmium telluride (MCT) detector (Nicolet
Instrumentations Inc. Madison, WI, USA) and a computer-
controlled translation stage (Spectra-Tech, Inc., Shelton,
CT, USA), programmable in the x and y directions. Three
spectra were collected from each discrete film in the 650 cm ™"
to 4000 cm ™' region with 8 cm ™" resolution, 256 scans and a
beam spot size of 300 um x 300 pm. The spectral point-by-
point mapping of the surface of the gradient cured epoxy film
was performed in a grid pattern with the use of the computer-
controlled microscope stage and Atlus mapping software.
Since the surface of the film was not perfectly smooth and its
thickness was not uniform (due to viscosity changes during
gradient curing), care was taken to mount the sample such that
amajor portion of the film was in approximately the same focal
plane. First, the film was mapped with large steps (11 points
spaced 5 mm apart along the center line (x axis) of the film
following the temperature gradient and 11 points 4 mm above
and below the center line, giving a total of 33 lattice points)
with manual focusing on each spot before a spectrum with
256 scans was collected.!'¥ The spectra extracted from this
map were used for quantitative analysis of the extent of curing.
The set of locations (relative to the edges of the glass substrate)
from which spectra were collected defined a virtual grid used
to template subsequent fluorescence and adhesion measure-
ments. Second, the film was mapped automatically. Spectra
were collected every 400 um along the x axis and 800 pm along
the y axis (a total of 1386 spectra) with 64 scans per acquired
spectrum. The spectra of both maps were collected in the
650 cm ™" to 4000 cm ™! region with 8 cm ' resolution and an
aperture of 400 pm x 400 pm. The reflectance spectra were
proportioned against a background of a gold-coated disk and
transformed to absorbance spectra using the Kramers-Kronig
transform algorithm?***! for dispersion correction. The FTIR-
RM maps were processed as ratios of the areas under the
916 cm ™' epoxide ring peak and the 830 cm ™' constant peak
(used as an internal standard) of the 1-4 substituted aromatic
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Figure 1. FTIR spectra of discrete films cured at various
temperatures (the hatched region represents the area under the
830 cm ™! peak that served as an internal standard).

rings in the DGEBA molecule and displayed as color contour
maps. Extracted spectra from the manually focused map were
baseline corrected between 953 cm™ ' and 800 cm . The areas
under the 916 cm ™' (Ag16) and 830 cm ™" (Ag30) peaks were
measured and their ratios serve as a relative measure of curing
degree (CD =Aog1¢/As30). A lower CD value is indicative
of higher curing. Note that the constant partial area of the
830 cm ™! peak (Figure 1) was used for Ag;o because only this
segment does not change during the curing process.

Confocal Microscopy

The curing of epoxy films was monitored using an upright laser
scanning confocal microscope (Zeiss LSM 510). The key
feature of the LSM is that only light from a narrow objective
focal plane is detected. The fluorescence doped epoxy films
were excited at 488 nm using Ar" laser light and light emitted
(505 nm to 550 nm) from the sample was detected with
a photomultiplier tube. The 20x objective used gave a
512 pm x 512 pum field of view and a focal plane resolution
depth of 5 um. Images and fluorescence intensity data were
acquired by focusing the laser beam near or just beneath the
surface of the films. Images and intensity values at each loca-
tion along the virtual grid of the gradient cured film were
obtained using a computer controlled positioning stage.
The image acquisition time was 30 s per position. The discrete
images were regrouped according to the FTIR-RM defined
virtual grid to reconstruct the surface fluorescence map.

Adhesion Measurements

Hemispherical polydimethylsiloxane (PDMS) lenses were
created by placing small drops of Dow Sylgard 184 (15:1
ratio of prepolymer to catalyst) onto a fluorinated glass
slide.”" The lenses were cured at 75 °C for 1 h in a convection
oven, extracted in toluene over several days and dried
under vacuum for 24 h. The calculated radius of curvature,
determined from contact angle measurements, ranged between
1.0 mm and 3.5 mm for all lenses. The JKR adhesion testing
geometry is described in detail elsewhere.'*”! The PDMS lens

is fixed to a small glass slide using only lens-glass adhesive
contact and mounted to a 50 g load cell in line with a
piezoelectric actuator to provide controlled positioning. A
fiber optic displacement sensor measures lens displacement
throughout the test and the contact area is imaged via a Leica
DMIRE inverted microscope. The lens was brought within a
few micrometers of the surface, displaced (towards the speci-
men) by a total distance of 25 pm at a velocity of 200 nm s~
and then completely removed from the epoxy at the same speed
with no set dwell time. A tack curve was generated from the
maximum lens displacement (J,,.,) to lens detachment ()
and the WOD was calculated according to Equation (1):12¢!

Omax
WOD = 5{ Pdé/mz (1)

max

where P is the load, ¢ is the displacement and @, is the
maximum contact radius. Normalization to the maximum
contact area permits a comparison of different samples and test
areas along the gradient sample. The largest a,,,x/h, where h is
the lens height, was 0.4. On occasion, surface defects prevented
adhesion testing in the positions of the FTIR-RM defined
virtual grid. In these cases, testing was performed as close as
possible to the pre-defined coordinates.

Results and Discussion

Initially, the discrete sample measurements (cured at dif-
ferent temperatures for 1 h) are discussed, in order to
demonstrate the ability of the techniques to track changes in
the epoxy film during curing. The base-line corrected FTIR
spectra of eight discrete films in the 800 cm ™" to 953 cm ™
spectral region are shown in Figure 1. The peak at 916 cm ™',
which is associated with the epoxide ring absorbance of the
DGEBA molecule,””!'"! decreases monotonically with
increasing curing temperature. The gradual decrease of
this peak reflects the reaction of epoxide rings to form ether
linkages. The CD (FTIR-RM) and fluorescent intensity
values obtained from the discrete films are presented as a
function of increasing curing temperature in Figure 2. A
distinct break in the CD and in the fluorescence intensity
was detected near a curing temperature of 60 °C. As the
fluorescence intensity is nearly a mirror image of the epo-
xide ring absorption (FTIR-RM), the two techniques
correlate with each other fairly well. A comparison of
fluorescence intensity and CD values of films cured for 1 h
at 90°C and at 25°C shows a five-fold increase in the
fluorescence intensity and a five-fold decrease in the CD.
Although there are no reports of fluorescence data at or near
the surface of thin epoxy films, it is known from a previous
study!'® that a seven to ten-fold increase in fluorescence
intensity is expected upon curing bulk epoxy resin. This
increase in fluorescence intensity is interpreted as a
measure of degree of curing in polymer systems.”*”’ Since
the local fluorophore environment (polymer network archi-
tecture, instrumentation factors, oxygen content, etc.)
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influences the fluorescence intensity,!'® generally IR or
rheological measurements are used to verify the extent of
curing in bulk epoxy resin systems. Figure 2 demonstrates
the ability of confocal microscopy and FTIR-RM techni-
ques to follow the changes in epoxy films subjected to
different curing temperatures. The WOD was measured on
discrete films only above 80 °C because these films were
irreversibly deformed below this temperature. The WOD
values at 80 and 90 °C were not significantly different.

The FTIR contour maps of the epoxy film, cured on the
temperature gradient stage for 15 min, are shown in
Figure 3a and 3b. The colors are a qualitative representation
of the curing degree. Red represents the highest curing, and
blue represents the lowest curing. A gradient in the colors
from blue on the left (lowest temperature) to red on the right
(highest temperature) is seen in both maps. The correspond-
ing florescence map is shown in Figure 3c. Lighter green
represents higher fluorescence intensity (higher degree of
curing), which is indicative of a more established epoxy
network at the higher curing temperatures. Conversely,
darker green represents a lower degree of curing at lower
temperatures. A strong gradient in the fluorescence inten-
sity from 75 to 97 °C is observed, while below 75 °C the
fluorescence intensity changes are less noticeable. The
fluorescence measurements were discontinued at tempera-
tures above 97 °C.

Adhesion measurements taken along the center line of
the film are shown in Figure 3d. WOD reproducibility was
established through previous measurements above and
below the center line (results not shown). Due to the viscous
nature of the epoxy film at low curing temperatures, mea-

50 3% 9;] 9; 100
Temperature, °C

Figure 3. a) FTIR map (5 mm x 4 mm steps); b) FTIR map
(400 pm x 800 pm steps); c¢) Fluorescence map; and d) WOD
graph of the 15 min temperature gradient cured film (error bars
represent the instrument uncertainty).

surements were discontinued at 80 °C, the point at which the
epoxy surface was irreversibly deformed (as determined
from optical microscopy). A two-fold decrease in the
WOD, from 1.62J-m ™ > t0 0.83J-m ™2 (£0.07J - m™?), is
observed from 80 to 90 °C. The sharp drop in WOD may
result from the conversion of mobile chains at the surface.
These chains would provide a source of dissipation that re-
quires additional energy to drive crack propagation.'?®3%!
The monotonic decrease in WOD above 85 °C may be a
result of the further conversion of epoxy groups to ether
groups at the surface'**** but further analysis is required to
confirm this hypothesis.

The CD, fluorescence intensity and the WOD results of
the gradient film are plotted as a function of the curing
temperatures in Figure 4. A qualitative correlation between
the three techniques across the temperature gradient is
clearly seen. Note also that the three techniques had a
similar spot size and penetration depth (measured at or
within a few microns of the surface). Comparing the FTIR
results of the 90 °C, 1 h cured discrete film (0.212 4= 0.033)
to the similar temperature results (89 °C) on the gradient
film (0.537 +0.011) indicates that the epoxy was not fully
cured after 15 min curing. The simultaneous effects of gra-
dient temperature and time on epoxy curing are the subjects
of future study.
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Figure 4. CD, fluorescence intensity and WOD across the 15 min
temperature gradient cured film. The CD and fluorescence
intensity data points represent the averages of the three
measurements along the y axis at each temperature (error bars
represent the standard deviations at each temperature).

Conclusions

We have demonstrated a high-throughput approach to map,
compare and correlate complementary chemical, physical
and adhesive properties of an epoxy resin library under-
going curing by three independent methods: FTIR-RM,
confocal microscopy and JKR adhesion tests. As expected,
the FTIR-RM and fluorescence intensity measurements on
discrete and gradient cured films show that the decrease
in epoxide ring absorbance occurs parallel to the increase in
fluorescence intensity. The decrease in WOD correlates
with the epoxide ring disappearance above 80 °C. Future
work will focus on the correlation of these techniques
throughout the full curing cycle and quantification of the
infrared, fluorescence and adhesion measurements to the
state of epoxy curing.
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Certain commercial materials and equipment are identified
for adequate definition of the experimental procedures. In
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is necessarily the best available for the purpose.
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